This study investigated the physicochemical properties of silver nanoparticles stabilized with casein protein in seawater. UV-vis spectrometry, dynamic light scattering (DLS), and transmission electron microscopy (TEM) were applied to measure the stability of silver nanoparticles in seawater samples. The obtained results show an increased aggregation tendency of silver nanoparticles in seawater, which could be attributed its relatively high cation concentration that could neutralize the negatively charges adsorbed on the surface of silver nanoparticles and reduce the electrostatic repulsion forces between nanoparticles. Similarly, due to the surface charge screening process, the zeta potential of silver nanoparticles in seawater decreased. This observation further supported the aggregation behavior of silver nanoparticles. This study also investigated the dissolution of silver nanoparticles in seawater. Result shows that the silver nanoparticle dissolution in DI water is lower than in seawater, which is attributed to the high Cl − concentration present in seawater. As Cl − can react with silver and form soluble AgCl complex, dissolution of silver nanoparticles was enhanced. Finally, this study demonstrated that silver nanoparticles are destabilized in seawater condition. These results may be helpful in understanding the environmental risk of discharged silver nanoparticles in seawater conditions.
Background
Silver nanoparticles (SNPs) are widely applied in industries and households due to their antimicrobial properties [1] [2] [3] [4] [5] . According to the statistics, consumer products containing SNPs accounted for more than 23% of the total 1,317 nanotechnology-based consumer products available on the market in 2011 [6] .
SNPs can be synthesized by physical or chemical method. Sharma et al. introduced the Tollens' method which involves the reduction of Ag(NH 3 ) 2 in aqueous Tollens' reagent by an aldehyde such as saccharides [7] [8] [9] [10] [11] . During the synthesis process, capping agents are usually used to create a stable SNPs suspension [7, 11, 12] .
Among all the capping agents, casein protein is frequently used due to its good stabilizing effect and low toxicity [6, [13] [14] [15] . Recent studies show that water chemistry can influence the physicochemical properties of SNPs. For instance, Gao et al. suggested that water conditions of high ionic strength form large aggregates [16] . It is also reported that the size of SNPs aggregates can influence their toxicity. For example, larger SNPs aggregates exhibit lower toxicity on bacteria and human cells compared to smaller SNPs aggregates [16] [17] [18] . Liu and coauthors show that the dissolution of SNPs depends on environmental parameters, such as pH, dissolved oxygen, temperature, and ionic strength [19, 20] . However, few research studies have compared the stability of SNPs in terms of physicochemical properties including particles size, zeta potential, and dissolution in natural water conditions [21] [22] [23] [24] [25] .
In this work, SNPs capped with casein protein were purchased from Xianfeng Nanotechnology, Inc. Nanjing, Jiangsu, China. Casein protein-stabilized SNPs were selected because casein is an environmentally friendly polymeric coating and frequently used by other researchers for SNPs' characterization and antimicrobial activity tests [6, 13] . To investigate the physicochemical properties of SNPs, we chose deionized (DI) water and seawater conditions to compare our findings. Particle sizes of SNPs in DI water and seawater conditions were measured using a dynamic light scattering (DLS) technique. Zeta potentials of SNPs were recorded to study their stability. Dissolution kinetics of SNPs was studied using ultrafiltration membranes in combination with inductively coupled plasma mass spectrometry (ICP-MS). The result obtained in this study may serve as a reference for the risk assessment of the release of SNPs into natural water bodies since the availability and mobility of SNPs is highly dependent on the sizes of their aggregates.
Methods
Electrolyte solutions and natural water sample preparation Seawater was collected from the Bohai sea near the coast of Weihai city. The water samples collected were first filtered (0.45 μm) and then autoclaved to remove microorganisms in the waters. The major ionic component was analyzed using ion chromatography (IC) techniques (DX-120, Dionex Corp., Sunnyvale, CA, USA). Concentrations of natural organic matter in these natural water samples were measured as total organic carbon (TOC) using a TOC analyzer (Apollo 9000, Tekmar Dohrman series, Teledyne Tekmar, Mason, OH, USA). Major compositions of seawater were listed in Table 1 .
Characterization and physicochemical properties of silver nanoparticles
Casein-stabilized SNPs were purchased from Xianfeng Nanotechnology, Inc. Casein was used because it is an environmentally friendly stabilizer and was widely used in previous research. The SNPs were dissolved in DI water. UV-vis absorption spectra of SNPs in DI water and seawater were recorded using a spectrophotometer (Thermo Unicam; Thermo Fisher Scientific, NH, USA). Concentration of SNPs was measured by ICP-MS (X series, Thermo Elemental, Thermo Fisher Scientific, NH, USA). Cryotransmission electron microscope (cryo-TEM) was used to observe the morphology of SNPs. Surface charge and average hydrodynamic size of SNPs in different water conditions were determined in triplicate by DLS using a Zetasizer (Nano ZS, ZEN 3600, Malvern Instruments Ltd, Worcestershire, UK) at 25°C. The dissolution of SNPs was determined by filtrating the SNPs in DI/seawater using a 3,000 molecular cut-off membrane manufactured by Millipore (Millipore Corporation, Billerica, MA, USA) under centrifugation at the speed of 4,000 rpm. The filtration process enables the separation of SNPs with dissolved silver ions. The filtrates were amended with nitric acid for sample preservation and were measured by ICP-MS.
Results and discussion

Characterization of silver nanoparticles
The SNP suspension is used for TEM and UV-vis spectra which were recorded under identical conditions using a JEOL 2100 TEM (JEOL Ltd., Tokyo, Japan) and a Thermo Unicam UV-vis spectrophotometer at the concentration of 10 mg/L. As shown in Figure 1 , SNPs exhibited near-spherical shape. The surface plasmon resonance band of SNPs was located at 408 nm. The Table 1 Chemical composition of collected seawater observation is consistent with previous published literatures [11] .
Stability of silver nanoparticles Figure 2 shows the stability of SNPs in DI water Figure 2a and seawater Figure 2b measured by UV-vis spectrometer. As UV-vis surface plasmon resonance band did show significant changes, Figure 2a indicates good stability of SNPs in DI water. However, in seawater, surface plasmon resonance band decreases over time, indicating decreasing stability of SNPs. This is because the SNPs form large-size agglomerate in seawater. The sedimentation of the agglomerates leads to a decreasing surface plasmon resonance band [26] . The particle size of SNP aggregates was further measured by DLS. Figure 3 presents the size and shape of SNPs when they were suspended in DI water and different percentages of seawater. It can be seen that the average size of SNPs was stable in DI water but increases with increasing percentages of seawater. This is because cations present in seawater can neutralize the surface charge of negatively charged SNPs. Thus, increase in the cation concentration results in an enhanced surface screening process leading to larger SNP aggregates. This observation agrees with the Schulze-Hardy rule which indicates that the stability of a typical colloidal system is extremely sensitive to the valence of the counter ions. Similarly, Zhang et al. reported that seawater produces larger SNP (stabilized with dextrin, casein, and PVP) aggregates than lake water, ground water, and brackish water and attributed aggregation to the surface neutralization of SNPs by the presence of cations, particularly divalent cations [6] . Zhang et al. suggested that different coating stabilizers can also affect the SNP aggregation due to the intrinsic nature of the stabilizers [6, 27] . Gao et al. also observed this phenomenon, which showed that SNPs in seawater can form larger aggregates [16] . On the contrary, as ionic species were not present in DI water, SNPs show relatively high stability in DI water condition [28] . The shape and size of the aggregated SNPs shown in Figure 3b are similar to that in Figure 1 but clear aggregation was observed.
In addition to the surface neutralization process, natural organic matters present in seawater can mitigate the formation of SNP aggregates [26, 29, 30] . Greater mitigating effect was observed with increasing addition of natural organic matter in previous publications [31] [32] [33] . This mitigating effect of HA is due to its adsorption on the surface of nanoparticles, which creates steric repulsion forces against aggregation of nanoparticles [32] . However, in our case, the surface charge screening process by cations is so overwhelming that the stabilizing effect of natural organic matters can be ignored.
Zeta potential refers to the stability of the colloidal systems. Its value (negative or positive) indicates the degree of repulsion between adjacent or charged particles in a colloidal system. As Figure 4 shows, both SNPs in DI water and seawater exhibit negative zeta potential attributed to the adsorption of various anions onto the SNP surface. The data also suggests that the zeta potential of SNP solutions becomes less negative as the percentage of seawater increases due to the screening of the negative charges on the surface of SNPs by the cations [34] [35] [36] .
Dissolution of silver nanoparticles in seawater
In the water environment, surface of SNPs can be oxidized by dissolved oxygen in water and silver ions can be released:
In the presence of seawater, the Cl − can react with released silver ions by forming insoluble AgCl precipitate [28] :
However, when large amount of Cl − is present, it can react with the AgCl precipitate and form the soluble forms of AgCl complexes.
The abovementioned reactions can explain the soluble silver measurement as shown in Figure 5 . In low percentage of seawater, the Cl − reacts with dissolved silver producing AgCl precipitate, which results in decreased soluble silver detection. When the percentage of seawater increases, the excessive Cl − can form soluble AgCl complexes and therefore increase the soluble silver concentration. This observation is consistent with published data [20, 37] .
Conclusions
This study elucidated the physicochemical properties of SNPs in seawater conditions. The obtained results indicated that SNPs in seawater is less stable than in DI water. In brief, particle size and absolute values of zeta potentials of SNPs increase with increasing percentage of seawater due to the surface charge neutralization process by the cations present. However, seawater can 
